There are some problems for the environment and for the human body in a conventional blasting process when it is used for the pretreatment of thermal spray. They are, for example, generation of noise and dust. One possible method to overcome these problems is a vacuum arc cleaning (VAC) process. It is possible for this technology to both surface cleaning and roughen surface. The VAC process is good for the environment as well as the human body, because this process takes place inside a chamber.
Background and Aims of This Study
The pre-treatment of thermal spray processes, surface cleaning and roughen processes such as degrease and removal of oxide film by blasting are quite important and these processes affect coating quality significantly. Acid, alkaline and organic solvents are used for degrease and blasting is used for removal of oxide film and to roughen surface.
However, these processes have serious problems. The above mentioned solvents are harmful for the human body and also not friendly to the environment. The blasting makes noise and dust if taking place outdoors. Blasting particles which are called grid remain after blasting in soft metals such as aluminum alloy and mild steel. These remaining particles sometimes reduce the adhesive strength of coating. 1) Therefore, an alternative method of blasting is required. In this study, the vacuum arc cleaning (abbreviated as VAC) process has been focused on as an alternative of blasting. 2, 3) In the VAC process, when an electric arc vaporizes and removes oxide film from the surface of metal, a thin layer of the base metal is also melted. As a result, the base metal surface is roughened. The treating time of the VAC process is less than one tenth of a blasting. 2, 3) Furthermore, as the VAC process is carried out in a chamber, an operator of the VAC process is not affected at all, and it is also quite friendly to the environment. It is possible to perform de-greasing, removal of oxide film, painting film and roughening the surface all at once. 4) In this study the VAC process is employed as a pretreatment for the thermal spray process, the surface texture and adhesive strength are compared with the blasting process. The one aim of this study is to develop an alternative process for the blasting using VAC process.
The second aim of this study is to develop plasma spray coatings which have ultra-high adhesive strength using the VAC process after blasting. It was found by the authors research team that when the VAC process was applied after blasting, it was possible to get ultra-high adhesive strength coatings.
In this study, the VAC process used for increasing adhesive strength is called ''VA treatment'' or VAT.
Experimental Procedures

Substrate and test samples
The substrate was a mild steel, SS400 in JIS. The configuration and size of the test sample is shown in Fig. 1 , 25 mm in diameter and 40 mm in length. An M16 screw is formed one side of the test sample and the coating is deposited on another side of the sample.
Pre-treatment of thermal spray
Three kinds of pre-treatment were carried out and compared. They were blasting, VA treatment and VA treatment after blasting. A #20 white alumina powder was used for blasting. The blasting conditions were as follows; air pressure was 0.5 MPa and blasting distance was 100 mm. The appearance and schematic illustration of the VA treatment is shown in Fig. 2 and VA treatment conditions are shown in Table 1 . As shown in Fig. 2(b) , the test sample was charged to cathode and an electrode was anode. The test sample and the electrode were set in a chamber. To reduce oxygen pressure inside of the chamber, vacuum replacement was performed. Firstly the air was evacuated to the pressure of 1 Pa, then Ar gas was filled to 0.1 MPa. After that the chamber was again evacuated to 1 Pa and this process was repeated twice. Finally the chamber was filled with 100 Pa Ar gas.
Spraying materials and spraying conditions
The spraying powders used in this study were three kinds. One was PRAXAIR FE101 (Fe-17%Cr-12%Ni-2.5%Mo). This material was named Powder C. Prior to using this material, two powders which have the same chemical composition, but different particle size distribution, powder A and B could not get enough adhesive strength. The spraying conditions are showed in Table 2 , and the spray torch is PRAXAIR SG100. Every time one pass of torch moving for preheating was performed. Adhesive strength was measured based on JIS H8402, in this case, fracture occurs at the weakest place from the interface of substrate and coating to the interface of adhesive and a counter material. The coating itself should be stronger otherwise fracture occurs inside of the coating. Therefore, the spraying conditions, such as arc current, powder feed rate and powder were changed and the spraying conditions to get strongest adhesive strength was investigated. The spraying conditions which are shown in Table 2 are the results of these investigations and they are the spraying conditions to get the strongest adhesive strength. The special feature of these spraying conditions is small amount of powder feed rate, 13 g/min.
Testing process of adhesive strength
The adhesive strength tests were carried out by the same manner as JIS H8402. A coating deposited sample and a counter material which had the same configuration and dimension as the test sample and blasting was taken place were bonded using a thermosetting type adhesive (EPOX-RESIN AT-1). Heating temperature and keeping time were 160 C-2 hours. The maximum adhesive strength of this adhesive is about 80$90 N/mm 2 . The adhesive strength test process from the bonding of test samples to tensile test are shown schematically in Fig. 3 . When the test sample was bonded to a counter sample, the latter was located upper side Table 1 Low pressure arc treatment conditions.
Chamber gas Ar
Pressure (Pa) 100
Electrode distance (mm) 20
Current (A) 20
Arc time (s) 1$5 of the test sample. This was to prevent any molten hanging adhesive joining the test sample and counter sample. The bonding was performed like this manner, the coating was not covered by the hanging adhesive. Hanged extra adhesive was removed by a grinder after it cooled down. Tensile test to measure adhesive strength was performed to attach jigs to both side of the bonded sample. To prevent applying the bending moment to the test sample, two universal joints are attached as shown in Fig. 3 .
Test Results and Discussion
3.1 Effect of arc current, powder feed rate and powder size distribution to adhesive strength Since one purpose of this study is to develop ultra-high adhesive strength plasma spray coatings (APS), it needs to strengthen the coating itself. To increase the coating strength and also adhesive strength, the effect of arc current in plasma torch, powder feed rate and powder size distribution were investigated. The special spraying conditions to increase adhesive strength significantly could be obtained from these experiments.
The relationship between arc current and adhesive strength is shown in Fig. 4 . The arc current was changed from 600 to 1000 A, the maximum adhesive strength, 72 N/mm 2 , could be obtained at 800 A of arc current. The relationship between powder feed rate and adhesive strength is illustrated in Fig. 5 . In this measurement, the plasma torch was not operated while the powder feeder was, the revolution of the disc with a groove inside of powder feeder changed from 0.5 to 2.5 rpm and the weight of powder sent from the powder feeder in a minute was measured. After that the plasma torch was operated and the coating was deposited in the same spraying conditions and adhesive strength was measured. The powder feed rate affects adhesive strength significantly as shown in Fig. 5 , and the maximum adhesive strength could be attained when the disc revolution was 1 rpm. In this case, the powder feed weight is only 13 g/min. This quantity is quite small compare to conventional spraying conditions which is about 30 g/min.
The reason of the existence of a peak of bonding strength in the both cases of electric current and powder feed rate is thought as follows. In the case of lower electric current and higher powder feed rate, un-melted particles will be generated, and these particles are involved in a coating, the bonding strength will decrease. On the other hand, when higher electric current and too low powder feed rate, the powder is excessively melted, small size powder is vaporized and oxidized. This is, of cause, reduce the bonding strength.
Three kind of powders which have the same chemical compositions but different powder size distribution, were tested in this study. SEM photographs of the powders are shown in Fig. 6 . Only low adhesive strength was obtained by using powder A and B. In the case of powder B, spitting took place frequently, because of the small particle size of the powder. In Powder C, the particle size is uniform, and by using this material, very high adhesive strength could be attained. Generally speaking, high adhesive strength can be obtained by using the powder with uniform particle size distribution and by sending a small amount of powder to the plasma torch to melt perfectly.
3.2 Surface texture by VA treatment and adhesive strength of coating The surface texture of VA treated samples to examine the possibility of the VA treatment as the alternative of blasting was investigated. In a chamber under the pressure of 100 Pa, when voltage is applied between the sample and electrode and arc is generated, many arcs are running on the surface of the sample to search for peaks of surface roughness. A point where the arc generated, a thin layer of the point is melted, and when the arc moves to another point the melted thin layer solidifies. Thus surface roughness is generated.
The VA treating time was from 1 s to 5 s, and the surface roughness Ra became maximum values 2.2 to 2.8 mm between 3 s and 5 s. The mean spacing of profile irregularities Rsm was 88 mm as shown in Table 3 . In Table 3 , comparison between VA treatment and blasting in which #20 white alumina was used, is also shown. There is not a big difference in the numerical values in Table 3 between VA treatment and blasting. However, the configuration of surface roughness is different as shown in Fig. 7 . In the figure, micro-photographs of surface and cross-section are shown. On the blasting surface the roughness configuration is angular, but the surface configuration of VA treated is round. Adhesive strength of both VA treated and blasted samples are also shown in Table 3 . These are average values of three to five test samples. The adhesive strength of the blasted sample is 74 N/mm 2 and VA treated is 57 N/mm 2 . The spraying conditions employed in this study are a bit different from conventional conditions, but 57 N/mm 2 is enough strength as a metallic coating deposited by APS. Therefore, the VA treatment can be the alternative treatment of blasting. 
Development of Alternative Method of Blasting and Ultra-High Adhesive Strength Thermal Spray Coatings by Vacuum Arc Treatment
Adhesive strength of VA treated after blasting
The adhesive strength of blasted, VA treated and VA treated after blasting are shown in Table 4 in normal spray conditions is 30$50 N/mm 2,5) the above listed adhesive strength is very high. This is due to the special spray conditions which were the results of this study. The fractured area of blasted samples is interface between substrate and coating.
The adhesive strength shown in Table 3 was 200 mm of coating thickness. Additional adhesive strength tests were carried out on the coating thickness of 100 and 300 mm samples and completed in Table 4 . The adhesive strength of VA treated samples is in the range of 55 to 57 N/mm 2 . These are, of course, high enough as APS metallic coating.
The adhesive strength of VA treated after blasting is between 83 N/mm 2 and 90 N/mm 2 . These strength values are extremely high and two to three times of conventional APS metallic coatings. However, these strength values are not true adhesive strength, and true adhesive strength is higher than these values. Because the fracture of all of test samples to which were blast + VA treated samples occurred, without one exception, in adhesive not at interface between coating and substrate nor inside of coatings. Figure 8 shows this fact, a white line in the figure indicates the fracture surface in adhesive.
The mechanism of the extremely high adhesive strength is considered as follows. As shown in Fig. 8 and later in Fig. 12 , mushroom shaped surface roughness is formed by the VA treatment after blasting. When a coating is formed on this surface, the coating is filled into mushroom shaped substrata like a jigsaw puzzle. Another mechanism of high adhesive strength is to make the surface free from oxide and other contamination. The VA treatment was originally called ''vacuum arc cleaning'' and it is possible to remove oxide and other contamination by vaporization with arc and a cleaned and fresh surface appears. These are considered to be the mechanisms of high adhesive strength.
It is pointed out that when a test sample and counter material are bonded with an adhesive, the adhesive penetrates inside of the coating, and strengthens coating itself and adhesive strength.
6) It is also recognized that usually an adhesive of low viscosity penetrates to APS coatings. To clarify whether the adhesive used in this study, penetrated to the inside of the coating or not, an analysis using an EPMA was carried out. The result of the analysis is demonstrated in Fig. 9 . As the principal element of the adhesive is carbon, CK was measured. It is clear from Fig. 9 that the adhesive does not penetrate to the inside of the coating at all. This result also indicates that the coating deposited by the spray conditions investigated in this study, is quite dense and leaves no room to be penetrated by the adhesive. Therefore, it can be concluded that this coating is not strengthened by the adhesive.
3.4 Surface texture of samples of VA treated after blasting The surface textures of the samples of VA treated after blasting were investigated to clarify the mechanism of high adhesive strength which reached to 2$3 times of commonly sprayed APS metallic coatings. The relationship between arc time and surface roughness is shown in Fig. 10 . The surface roughness generated by blasting is written in the figure in a broken line. The surface roughness Ra of VA treated after blasting increases to 5 s but after 5 s Ra decreases with increasing arc time. The Ra of blasted sample is 3 mm and it increases to 5 mm when arc time is 5 s.
The relationship between arc time and Rsm is demonstrated in Fig. 11 . A broken line in the figure shows the Rsm of blasted surface. When the arc time is shorter than 6 s, the Rsm is smaller than blasting. This fact means that many small peaks are generated by the arc. After 6 s of the arc time, the Rsm increases significantly. This implies that some peaks are united to one peak by the action of arc.
Photographs of cross-section of coatings blasted and VA treated after blasting as the pre-treatments are shown in Fig. 12 . It is clear from these photographs the reason of high adhesive strength. By the VA treatment after blasting, squarish surface roughness changes to mushroom shaped configuration. Adding to the fact, as the characteristic of arc, oxide and other contamination are perfectly removed and an oxide free, pure surface layer is generated. The former, mushroom shaped surface roughness, when a coating is deposited, mushroom and the coating fit together like a jigsaw puzzle. The later, pure surface layer contributes to generate a thin diffusion layer when a coating is formed. These phenomena strengthen the adhesive strength. The generation mechanism of mushroom shaped surface roughness will be described now. The sharp surface roughness is generated by blasting. When an arc is generated at a peak of roughness, a thin surface layer is melted. The melted metal is attracted by an electron flow towards the electrode. Namely the melted metal is lifted up. If Fig. 12 is observed carefully, it is possible to understand this fact. When the arc moves to an other peak, the melted metal is free from the force of electricity, and then the melted metal is drawn by gravity downwards. In this process, the melted metal immediately solidifies, and the mushroom shaped roughness is generated as shown in Fig. 13 .
The mechanism of high adhesive strength is now described again. When a coating is deposited on the mushroom shaped surface, the coating and substrate contact each other like a jigsaw puzzle. In the case of low strength metal substrate, like aluminum alloy, the mushrooms fractures at its stem and is held in the coating. This is the reason why two to three times higher adhesive strength can be achieved.
Conclusions
(1) By the results of detailed investigation on the spraying conditions, very high 73$80 N/mm 2 of adhesive strength can be obtained only blasting, and the microstructure of the coating is uniform and dense. (2) High adhesive strength, higher than 55 N/mm 2 can be achieved by applying only VA treatment. This is enough adhesive strength as a common APS coating, therefore, the VA treatment can be the alternative process to blasting. (3) The VA treatment after blasting enhances adhesive strength of metallic coating 2$3 times compared to ordinary deposited coatings. This is due to the formation of mushroom shaped surface roughness, and the mushroom and coating contacting like a jigsaw puzzle. (4) The mechanism of formation of mushroom shaped surface roughness is considered as follows: When an arc is generated at a peak formed by blasting, a thin surface layer is melted by the heat of arc. The melted metal is attracted upward by an electron flow. Then the arc moves to another peak, the melted metal is pulled by gravity and solidifies.
